Semiconducting single-walled carbon nanotubes are studied in the diffusive transport regime. The peak mobility is found to scale with the square of the nanotube diameter and inversely with temperature. The maximum conductance, corrected for the contacts, is linear in the diameter and inverse temperature. These results are in good agreement with theoretical predictions for acoustic phonon scattering in combination with the unusual band structure of nanotubes. These measurements set the upper bound for the performance of nanotube transistors operating in the diffusive regime. DOI: 10.1103/PhysRevLett.95.146805 PACS numbers: 73.63.Fg, 72.10.Di, 73.22.2f, 73.23.2b Semiconducting single-walled carbon nanotubes (SWNTs) are remarkably high-performance electronic materials. The SWNT band structure, shown in Fig. 1(a) , is that of relativistic one-dimensional fermions, with energies and velocities given by
Semiconducting single-walled carbon nanotubes (SWNTs) are remarkably high-performance electronic materials. The SWNT band structure, shown in Fig. 1 (a), is that of relativistic one-dimensional fermions, with energies and velocities given by
where v 0 8 10 5 m=s, the Fermi velocity in graphene, plays the role of the speed of light. The carrier effective mass is set by the tube diameter d: m 2@ 3dv 0 [1] . In the absence of disorder, scattering of electrons will occur due to the dynamical fluctuations in the tube itself, i.e., phonons. The scattering rate ÿ1 should scale as the number of phonons available for scattering, i.e., proportional to T. When the tube length is much longer than phonon scattering mean free path, this phonon scattering, coupled with the unusual band structure, should set the ultimate performance limits of SWNT transistors operating in the diffusive regime.
Field-effect transistors (FETs) were first made from SWNTs several years ago [2] and have been subsequently investigated intensely for device [3] [4] [5] [6] and sensing [7, 8] applications. Both Schottky [9] and low resistance [10, 11] contacts have been realized, and short devices have been shown to operate at near the ballistic limit [10] . However, the ultimate performance limits are not understood; for example, the reported mobility values vary by orders of magnitude in different studies [6,12 -14] . Here we systematically study the properties of moderately long (4-15 m), oriented SWNT FETs with good contacts to probe the intrinsic transport properties. We find that both the temperature and diameter dependence of the mobility and maximum conductance are well described by the predictions of acoustic phonon scattering in concert with the ''relativistic'' band structure of nanotubes.
The devices used in this experiment are shown schematically in Fig. 1(d) . Using the recipe in Refs. [15, 16] , SWNTs are grown on silicon wafers with 200 nm oxide. panel of Fig. 2 shows the temperature dependence of the conductance of one device with d 4 nm and L 4 m. The transition from off to on is more rapid and the maximum conductance increases with decreasing temperature. The resistance of the on state, which is defined as when V g is 10 V away from threshold voltage, decreases linearly with decreasing temperature down to 50 K, as shown in the upper inset, with an extrapolated intercept at zero temperature of 28 k. Figure 3 shows data from two other semiconducting SWNT FETs of different diameters. The maximum onstate conductance increases with d; larger tubes have larger on-state conductance, and their conductance increases more dramatically upon cooling. This is shown in Fig. 4(a) , where data from a number of devices of different diameters are compiled. To minimize the influence of contact resistance, the temperature-dependent change is measured and is found to approximately scale linearly with tube diameter d.
Shown in Fig Fig. 4(b) . With the exception of a few devices with anomalously high mobilities (marked by circles in the plot), the data vary approximately as the square of the diameter [see inset to Fig. 4(b) ].
To analyze these results, we first note that the device resistance is a combination of the intrinsic tube resistance R NT and contact resistance R c . To separately determine these contributions, we used an AFM tip as an electrical nanoprobe [11] . For the device in Fig. 2 , at room temperature we find: R c 28 k and R NT 30 k at on state. Note that R c is the same as the extrapolated tube resistance at zero temperature (Fig. 2, upper inset) . Therefore defining R on as R NT at on state, we conclude that R c is temperature independent, and it is R on that varies linearly with T and extrapolates to zero at T 0. The on-state resistance of several devices shows good linear temperature dependence over the experimental temperature range (50 -300 K). Many other devices show monotonic decrease of resistance upon cooling to 50 K but deviate from linear law, or, in several devices with very high contact resistances, increase with decreasing temperature. We attribute this to the effects of Schottky barriers at the metal-nanotube contacts, as previously reported [9] .
At room temperature, R on =L is about 8 k=m for the semiconducting tube in Fig. 2 . This value is comparable to, but somewhat higher than, the resistivity of good metallic tubes [19, 20] and is similar to reported values for semiconducting tubes [13, 14] . At the lowest temperature shown ( T 50 K), the device resistance is small (R on < 10 k), but still finite, corresponding to a minimum resistivity R on =L 2:5 k=m. At lower temperatures, the device 
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146805-2 resistance begins to increase (not shown), presumably due to the effects of localization and/or Coulomb blockade [20, 21] .
The lower inset to Fig. 2 shows the peak mobility of the device at different temperatures after the constant contact resistance is taken into account. It varies approximately as T ÿ1 , reaching >100 000 cm 2 =V s at 50 K. To summarize the experimental findings: R on and ÿ1 both increase linearly with T. Both depend strongly on diameter, but in different ways: 1=R on d and d 2 .
To understand these results, we start with the Drude model in a 1D conductor with four channels [22] :
where l F F v F is the mean free path at the Fermi level.
In one dimension, the Fermi wave vector is a linear function of the gate voltage away from threshold V g jV g ÿ V t j:
By Fermi's golden rule, the scattering rate is proportional to the density of states, which in one dimension scales as 1=v:
where ÿ1 0 is the scattering rate at high velocities. Combining Eqs. (1)- (4) gives the following expression for the conductance:
Here l 0 v 0 0 is the mean free path at high energies. This expression is plotted in Fig. 1(b) . The conductance rises over a gate voltage range determined by the parameter a, then saturates as v F approaches v 0 . The field-effect mobility is calculated to be
The mobility rises linearly with V g before peaking and drops back toward zero as v F approaches v 0 , as shown in Fig. 1(b) . The peak value is peak 0:32 e 0 m :
The Fermi energy reaches the second subband at large gate voltage as the dotted line in Fig. 1(b) indicates. However, the intersubband scattering makes the addition of more conduction channels less noticeable so that the resistance does not deviate much from our simple model [23] . Plus the electrons in higher subbands experience large Schottky barrier when they get into SWNTs and the conductance through these channels is lowered [24] . So, in the theoretical analysis above, we can take only the first subband into consideration while neglecting the influence of higher subbands.
The theory graph Fig. 1(b) qualitatively describes the data in Figs. 2 and 3 . To make a quantitative comparison, we use the following expression for the scattering rate from acoustic phonons [23, 25, 26] :
This expression is valid if the acoustic phonons that cause backscattering have energies less than k B T, which should be true over the experimental range (50 -300 K) [21] . Combining Eqs. (5), (7), and (8) gives the following results for the peak mobility and maximum conductance:
These expressions correctly predict the temperature and diameter dependences observed in Figs. 2 -4 . From the data in Fig. 2 we can extract values for the coefficient from either the maximum conductance or the peak mobility: 9:2 m=K s and 12 m=K s.
Reference [26] obtained a value of 6:5 m=K s for the total scattering rate. More recently, using matrix elements calculated in a tight binding model, Ref. [27] solved the multiband Boltzmann equation numerically and obtained nearly identical function forms to Eq. (9) but with a smaller value of 1:6 m=K s. The origin of the discrepancy is not known.
A few of the devices showed anomalously large peak mobilities, as indicated by the circled data points in Fig. 4(b) . To understand the origin of this behavior, we used scanned gate microscopy [28] to explore the uniformity of the conduction near the threshold region. In brief, a biased AFM tip is used as a local gate and the conductance of the device is recorded as a function of the AFM tip position. The results are shown in Fig. 5 . For most devices, the response to the tip was relatively uniform [ Fig. 5(a) ], indicating that no single spot dominated transport. For the devices with anomalously high mobilities, we found that the gate response was primarily localized to a few dominant spots. In this case, using the equation
where L is the entire length of the tube, dramatically overstates the true mobility. This effect may also explain some of the extremely high values for the mobility reported in the literature [13] .
In conclusion, SWNT FETs were studied in the diffusive regime. The on-state conductance increases linearly with the tube diameter d, and the peak mobility grows as d 2 . Both quantities grow linearly with T ÿ1 . These observations are in good agreement with the predictions for scattering by low-energy phonons coupled with the 1D relativistic band structure. These results set the ultimate performance limits of SWNT transistors operating in the diffusive regime.
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FIG. 5 (color online)
. Scan gate microscopy images of (a) the device studied in Fig. 2 with normal peak mobility and (b) the circled d 2:5 nm device with anomalously high peak mobility in Fig. 4(b) . The solid lines indicate the position of electrodes and dotted lines indicate the position of SWNT. The device in (b) is dominated by a few short segments of tube near the threshold region. Therefore, the mobility is overstated when the whole tube length is used to calculate the mobility.
